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The following aspects of the electroweak interactions are discussed, based on presentations 
here: the status of the Standard Model, CP violation, neutrino masses and oscillations, super- 
symmetry and models in extra dimensions, and future projects. Particular emphasis is laid on 



Qj \ the tests of CP and CPT by KTeV and CPLEAR, on the problems of degenerate neutrinos, 
"^ I on supersymmetric dark matter, on future long-baseline neutrino beams, and on muon storage 
rings that may be used as neutrino factories. 

Invited talk presented at the 
1999 Electroweak Session of the Rencontres de Moriond, Les Arcs 

March 1999 



CERN-TH/99-162 
June 1999 



1 Status of the Standard Model 

The Standard Model is the rock on which all our knowledge of particle physics rests. Novel 
phenomena such as neutrino masses, that cannot be accommodated within it, are not thought 
to contradict it, but rather to take us beyond the Standard Model. In the first section of 
this Summary, I review the status of the electroweak sector of the Standard Model, that is 
the most precisely (and successfully) tested. Then I review some of the accelerating progress 
in flavour physics and CP violation, where exciting new developments were reported at this 
meeting and more are expected soon. Next I discuss in some detail the growing evidence for 
neutrino oscillations, which would take us beyond the Standard Model into a new world of 
lepton flavour physics. This is followed by a review of new developments in supersymmetry 
and further beyond the Standard Model, in particular the possibility that there may be one 
or more extra dimensions appearing at some large distance scale. Finally, I review how our 
theoretical questions may be answered by future projects such as LEP 2000, Run II of the 
Fermilab Tevatron, long-baseline neutrino experiments, the LHC, a linear e~^e~ collider, a 
neutrino factory and muon colliders. 

As we heard at this meeting [|l|, (almost) everything in the garden is lovely, as far as precision 
tests of the Standard Model are concerned. Previous discrepancies are gradually eroding: for 
example, the discrepancy between the LEP and SLC values of sin^ 9w is now only about 11/2 
standard deviations 0, the fe-quark coupling Ab is less than 1 standard deviation from the 
Standard Model, and even the famous Rb deviates by only about 11/4 standard deviations. 
The biggest high-energy problem seems to be in the forward-backward asymmetry for b quarks 
Ap^, at a level of about two standard deviations, but at least one fluctuation at this level could 
be expected in the high-energy data set. 

One of the most significant potential problems may be in atomic-physics parity violation. 
The latest determination of the neutral weak charge in cesium yields Qw = — 72.06(28)(34), to 
be compared with the Standard Model prediction Qw = —73.20(13) 0. As pointed out by 
the authors, this discrepancy is not compatible with a vacuum-polarization S contribution in 
a "model-independent" parametrization [^. 

We heard at this meeting of significant progress in measuring Mw in pp collisions: 80.448 ± 
0.062 GeV |] as well as at LEP: 80.350 ± 0.056 GeV 0. So far, there are contradictory 
indications on the importance of hadronization effects in W^W~ — > qqqq final states [[7|. For 
example, DELPHI reports possible hints of colour reconnection effects in the spectra of low- 
momentum particles and also an indication of Bose- Einstein correlations between particles from 
the W^, whereas ALEPH sees neither of these effects. It is in any case clear that the effects 
are not as large as in the model [§], which has not been tuned to match Z^ decays, and hence 
cannot be used to estimate systematic errors in the M]y measurement: see also 0. However, 
putting together the LEP measurements reported here there is a difference of 152 ± 74 MeV 
between the measurements of Mw in qqqq and qqiu final states |1[|, rather larger than the 
hadronization error usually quoted. It remains to be seen whether this discrepancy will turn 
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Figure 1: The latest result j^ ^ of fitting precision electroweak data to obtain an indirect 
estimate of the mass of the Higgs boson. The most likely value is very close to the present lower 
limit from direct searches at LEP j{T^. 



out to be significant. The current world average of direct measurements: 



M, 



w 



80.394 ± 0.042 GeV 



(1) 



lias a reduced error that begins to challenge that on the indirect prediction Mw = 80.364 it 
0.029 GeV within the Standard Model, and leaves little room for New Physics, such as that 
suggested in some supersymmetric scenarios. 



As seen in Fig. 1, the current indirect prediction for the Higgs-Boson mass is |l|, 0]: 



rriH 



76tl7 GeV 



(2) 



with a 95% confidence- level upper limit of 235 GeV, if a conservative error ±0.00090 on aem{Mz) 
is adopted. On the other hand, if a more aggressive error ± 0.00036 is adopted, as suggested 



on the basis of hadronic r decays and QCD theory [11], one finds: 



ruH 



931:11 GeV 



(3) 



So near, and yet so far? Within the uncertainties (@J^), there are significant prospects for 
finding the Higgs boson at LEP during the next couple of years, or it may be found during Run 
II at the Tevatron |T^, or one may have to wait for several years of LHC running before it is 
detected. 



In my view, it is a real tragedy that no money can apparently be found to run the SLC 
during the year 2000, just when the accelerator has been operating at higher luminosity than 
ever, and the SLD detector is poised to make the most precise measurement of sin^ 9\y via 
Alh, as well as contribute important new information on the 6-quark couplings [0. These 
measurements would, in particular, contribute significantly to reducing the present uncertainty 
in the prediction of Mh, which is one of the main uncertainties in the LHC enterprise. It seems 
strange that the equivalent of a small fraction of the investment in the LHC cannot be found 
to sharpen this prediction. 

An important contribution to reducing the uncertainty in Mh is made by those who mea- 
sure R = a{e~^e~ -^ hadrons) /a{e~^e~ — >• /i"*"//") at intermediate energies |]13[, which affects 
the effective value of aem to be used in analyzing LEP and SLC measurements via vacuum- 
polarization diagrams. Uncertainties in R also make significant contributions to the theoretical 
error of ± 0.66 ppm in {g — 2)n, which is large compared to the objective of the new BNL exper- 
iment: ± 0.35 ppm |T^. These considerations motivate the important experimental campaigns 
in Beijing and Novosibirsk to remeasure R at center-of-mass energies below 5 GeV |1T3|. 



Up to what scale can the Standard Model remain valid? If Mh is too large, the Standard 
Model couplings blow up below the Planck mass Mp, and if it is too small, the effective potential 
of the Standard Model is not stable against the development of a vacuum-expectation value 
below Mp [|l^. The range preferred by precision electroweak measurements (|^), @ is still 



compatible with the Standard Model remaining valid up to Mp, but may be hinting that New 
Physics will appear before then. Some possibilities are discussed in later sections of this talk. 



2 Flavour and CP 

Until this meeting, all the confirmed CP-violating effects could be explained in terms of super- 
weak CP violation in the K^K^ mass matrix |T^: 

ImMAs=2 ^ ^ e (4) 

However, we are now sure that there is also CP violation in the K^ -^ 27r decay amplitudes ||T7| : 

e7e= (28.0±4.1) X 10^ (5) 



In the Standard Model with six quarks |T^, in which there is a CP-violating phase in the W 



± 



couplings, a non-zero value was to be expected |jT9|. If there is only one Higgs doublet, there is 



no other CP violation in the Standard Model |TD|. However, there are additional CP-violating 



phases in extensions of the Standard Model, such as the Minimal Supersymmetric Extension of 
the Standard Model (MSSM), which may contain arbitrary phases in the soft supersymmetry 
breaking mass terms pO| : 

mf^Af^, mllMafi (6) 

Phenomenologically, the most important may be those associated with the third generation. 



There are even more possibilities in general two-Higgs doublet models |21 . 



Confirmation of direct CP violation in tlie K^K^ system lias come twenty-three years after 



it was first calculated |]T9|. When we first calculated it, using what we subsequently baptized 



penguin diagrams ||2^, we estimated 



l-l< — 
' e ' ~ 450 



(7) 



which is compatible with the value found by NA31 p3[ and now confirmed by KTeV (|g) ||]/i 
This is, of course, pure coincidence, since there have been many conceptual advances and 
calculational improvements since our first calculation: see, e.g., [0, |2^. The best available 
recent estimate is PB| : 



Re(i) 



ImAi <^ -1.35 



ms[mc) ) 



+ (1.0 - 0.67Rsd)B, 



(3/2)i 



where ImAj is a Kobayashi-Maskawa factor that is expected to lie between 1.0 and 1.7 x 10 '^, 

(1/2) f3/2) 

RsD is a short-distance factor that is expected to lie between 7.5 and 8.5, and Bq ,Bg are 
hadronic matrix elements that are estimated to lie in the ranges 

0.8 < 5^'/'^ < 1.3 , 0.6 < 4'/') < 1.0 (9) 



It is possible to fit [^| the NA31/KTeV experimental value of e'/e if one pulls on all these 
factors, in particular with a relatively small strange-quark mass: 



ms{mc) ^ 126 MeV ^ m,(2 GeV) < 110 MeV 



(10) 



This is compatible with other estimates oirris, including those from the lattice |27| and a recent 
determination from r — > {Kmx)v decays |[28|1 : 



rricimr) 



llQtfi MeV 



(11) 



We may therefore conclude that the NA31/KTeV measurement [^, |T^ of e'/e does not require 
physics beyond the Standard Model. On the other hand, there is room for a supersymmetric 
contribution [^, e.g., via an enhanced Zds vertex |3^, which could enhance significantly the 
rates for some rare K^'"^ decays: 



B{K 



TX^VV) ~ 



B{Kl 



vr°e+e ) direct ~ 

B{K+ -^ TT+Z/P) ~ 



3x 10 
5x 10 
8x 10 



-11 



-12 
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27 X 10"^° 
43 X 10"" 



8x 10 



-10 



(12) 



putting them within reach of forthcoming experiments. 

We can expect in the near future a new measurement of e'/e from the NA48 experiment pl| , 
as well as further data from KTeV and subsequently from the KLOE experiment at DA0NE, 
perhaps closing an exciting chapter in K physics. What are the next important steps in K 
decays? The most interesting decay modes may be those mentioned above: Kl -^ vr^z/z/ violates 
CP and could occur at a rate much larger than that predicted by the Standard Model |TP[, 
K^ — i> Ti^vv could provide a good measurement of the Cabibbo-Kobayashi-Maskawa mixing 



angles, and K^ 



7^0e^ 



e may be dominated by direct CP violation. It is surely worth pursuing 



these decays in parallel with the large investment currently being made in B physics, via HERA- 
B, CLEO, BaBar, BELLE, CDF, DO, BTeV and LHCb. There are interesting prospects for 
rare K decay experiments at FNAL, BNL, KEK and CERN. Can the world community agree 
on at least one next-generation rare K decay experiment? 

There was active discussion here of T and CPT violation. The discovery of CP violation 
in the K^K^ mass matrix in 1964 meant that either CPT or T should be violated, or both. 
Since CPT violation is not permitted by quantum field theory, it is generally expected to be 
absent. However, the possibility of CPT violation has been raised in the context of quantum 
gravity |3^, and it is good that experiments continue to search for it. It is known that K^ -^ 27r 
decay is not due to CPT violation, and therefore one expects that the observed CP violation 
should be accompanied by T violation at the same rate, but this was not observed directly until 



recently. The CPLEAR collaboration reported here [Q a measurement of the asymmetry 



P. 



K^K 



B{K 



71 e^v) 



P, 



K-*K 



B{K 



TV ' e V) 



B{K -^ TT-e+u) + Pk^kB{K -^ n+e-u) 



(13) 



K^K 



This is a direct probe of reciprocity and hence T violation if B{K — >■ vr^e+z/) = B{K -^ 
Ti^e'v), which has indeed been checked by independent CPLEAR measurements [0]. Thus 
the CPLEAR collaboration has indeed observed T violation [^, ^. The KTeV collaboration 
reported here a beautiful measurement of a T-odd asymmetry in K^ 



TT ' TT e^e 



37 



smce 



this is not a direct test of reciprocity, this could be due to either T violation or CPT violation 



or both [Q, at least until more experimental information is available. 



Another exciting development at this meeting was the report of a two-standard-deviation 
CP- violating asymmetry in B^ — >■ J/ipK^ BH] . In the absence of other information, this could 



in principle be due to a superweak effect, so we need another decay mode such as -B — >• tt+tt" to 
confirm its interpretation. However, we cannot avoid noticing that its sign and large magnitude 
agree with the predictions of the Kobayashi-Maskawa model |T8[, as seen in Fig. 2: in particular. 



the sign of ex agrees with the apparent sign of sin 2/?. It is encouraging that the values of the 
Cabibbo-Kobayashi-Maskawa parameters extracted from the data are consistent with naive 
model predictions ||3i 



^^{i-py+v' 



- \/P + T 



Vtd 

Vts 

Vub 



Vr 



cb 




(14) 



where c = y/1 — A^. These model predictions and global Cabibbo-Kobayashi-Maskawa fits |40[] 
agree in predicting that the B^ — B^ mixing parameter Arris should be observable "soon". 
Indeed, both SLD [^ and the LEP collaborations |^ reported here not only interesting lower 
limits on Arris, but also enticing hints that it may lie just around the corner. 



f„ \ B„ = 215 + 40 MeV , 



= 0.94± 0.15 




Figure 2: A recent global fit to data on charged- current interactions and ex j^/ , which suggests 
a value of sin2j3 within the range reported by CDF [11 J. 



3 Neutrino Masses 

These are known to be much smaller than those of the corresponding charged leptons: 

m^^ < 2.5 eV < m^ ~ 1/2 MeV 

100 MeV 
1.78 MeV (15) 



m,y^ ^160 keV < m^ 
lu^ ^ 15 keV ^ nij. 



m,^ 



so one might be tempted to suspect that they vanish. However, we have learnt that particles 
have zero mass (e.g., the photon and gluon) only if they are associated with an exact gauge 
symmetry (e.g., the U(l) of QED and the SU(3) of QCD) and a corresponding conserved 
charge (e.g., Qem and colour). There is no candidate gauge symmetry available to conserve 
lepton number L, and GUTs generically predict non-zero neutrino masses. 

It is possible for these to appear even if there are no new particles beyond the Standard 
Model, e.g., via a non-renormalizable interaction [^] of the form 



M 



(16) 



but the most plausible hypothesis is that M represents the mass scale of some new renormal- 
izable gauge theory, such as the GUT mass scale. Interactions of the form ( jT^ ) arise from 
the exchange of massive singlet fermions (often called "right-handed neutrinos" z//?), and most 
models of neutrino masses are based on the see-saw form of mass matrix that mixes then with 



conventional left-handed neutrinos 44 : 



U^L , l^R) 



m\ fPL 
m M) \vr 



;i7) 



where the off-diagonal "Dirac" elements m are generally comparable to conventional quark and 
lepton masses whereas M ^ niy^^ leading to light neutrino masses vny ~ m? /M. As an example 



6 



of possible orders of magnitude, with ?7i ^ 10 GeV and M ~ 10^'^ GeV one finds rriy ~ 10 ^ 
eV. 

Within this general framework, many models are possible. Could there be other light 
neutrinos? Neutrino counting at LEP [jl| tells us that these could only be sterile z/^. But then 
what forbids a large gauge-invariant mass term Ms{i'sT-'s) with Mg S> My/1 In my view, this 
is a major objection to models with light sterile neutrinos and/or right-handed neutrinos. On 
the basis of (jT^), most theorists expect the light neutrinos to be predominantly left-handed 
and to have effective Majorana masses nieffii^L^L)- It often used to be thought that neutrino 
mixing would be small, by analogy with the small quark mixing angles. However, now it is 
widely recognized that this need not be the case [Q. For one thing, the Dirac masses might 
not be directly related to conventional quark or lepton masses, and, for another, the heavy 
Majorana mass M has no good reason to be diagonal in a basis aligned closely with the light 



charged-lepton flavours |^| 



It is widely thought that oscillations between neutrinos with different masses may explain 
the anomalies seen in solar and atmospheric neutrinos. In the solar case, the Standard Solar 
Model is nicely consistent with the powerful constraints of helioseismology, and models with 



large mixing of solar material also seem to be disfavoured ^j , so it seems that neutrino physics 
must be the culprit for the persistent solar- neutrino deficit. In the case of atmospheric neutrinos, 
it has been shown that neutrino decays and modifications of special and general relativity do 



not fit the data well p8 



Among the indications of neutrino oscillations, the evidence for z/„ —>■ Uf. oscillations pre- 



sented by LSND 1^ has not been confirmed by KARMEN [Q, though it is not excluded, 
either. The MiniBooNE experiment at FNAL should confirm or refute this signal, as well as 
the MINOS long-baseline experiment discussed later. 

As we heard at this meeting ||51|, the range of Am^ favoured by the Super-Kamiokande 



atmospheric- neutrino data ^^ has recently been elevated, as seen in Fig. 3. This is a result 
of higher statistics for contained events, an improved Monte Carlo including a more complete 
treatment of the Earth's magnetic field (that is validated by its agreement with the observed 
East- West effect |5^), and combining the contained events with data on up-going muons. The 



Super-Kamiokande evidence is supported by data from MACRO |Q and Soudan II [^. It 
remains important to reduce the systematic uncertainties in the interpretation of the data |SB . 
This will require, e.g., more precise measurements of the primary cosmic-ray spectrum. New 
data tend to favour lower fluxes than used in some Monte Carlos: the AMS space experiment 
may be able to help here. Better measurements of the differential cross-sections cPa^'^ /dx\\dp± 
for secondary-particle production are also needed: here is a possible role for a new experiment 
at the CERN PS accelerator. Also needed is a fully three-dimensional cosmic-ray Monte Carlo: 
there are hints that this might further elevate the preferred range of Am^. Measurements of 



cosmic-ray secondaries on balloon flights |^ could be helpful in constraining and validating 
such Monte Carlos. It should also not be forgotten that aspects of the interpretation depend 
on low-energy z/ cross-section measurements [0, both total and exclusive: here the close-up 



detectors in the K2K and NuMI beam lines will play useful roles, as might measurements by 



10 



E 



1 _ 



•— -in-2 



10"' 



10 



,-3 



10 



,-4 







r 


^ 


: 


68%CL : 




90%CL _ 


V 


--- 99%CL 


: \ 


\ (§ 


- NGS experiments 


~"~E 


- 


= 



0.2 



0.4 0.6 

sin22e 



0.8 



1.0 



Figure 3: The range of parameters for v^ — Vj. oscillations preferred by the Super-Kamiokande 
data at the indicated levels of confidence /|57|/, compared with the estimated sensitivity to r 
appearance of either the OPERA or the ICARUS experiment in the CERN-Gran Sasso long- 
baseline beam. 



CHORUS and/or NOMAD. 

In the case of solar neutrinos, there are three regions of neutrino-mixing parameters that are 
compatible with the rates observed in the different experiments [Q: Kamiokande and Super- 
Kamiokande at high energies, Homestake that is also sensitive to Be neutrinos, and SAGE 
and GALLEX that are also sensitive to pp neutrinos. The favoured parameter regions are 
the small-angle Mikheyev-Smirnov-Wolfenstein [^ (MSW) (SMA) solution with Am^ ~ 10~^ 
eV^ and sin^ 29 ~ lO'^ to 10"^ the large-angle MSW (LMA) solution with Am^ ~ 10"^ to 
10~^ eV^ and sin^ 29 ~ 1, and the vacuum-oscillation (VO) solution with Arri^ ~ 10~^° eV^ 
and sin^ 2^ ~ 1. 



In the case of atmospheric neutrinos |BD|, the possibility of large 



i^f.. 



oscillations is 
excluded by Chooz |^ [| as well as by Super-Kamiokande itself. However, z/^ -^ Vf. oscillations 
could still be present at a subdominant level, and exploring this possibility is a key task for 
future experiments. The dominant v^ oscillations may be into either v^ or a sterile neutrino 
Vg. One way to distinguish these possibilities may be via 7r° production by atmospheric neu- 
trinos [0: they can be produced by Vr interactions, but not by Vg. Another signature is in 
the zenith-angle distribution of upward-going muons [0]. In both cases, Super-Kamiokande 
data may be starting to favour z/^ -^ v^ oscillations. A key test will be the neutral- to charged- 
current ratio in long-baseline experiments. However, for me the crucial experiment is to observe 
r production by either atmospheric or long-baseline neutrinos, as discussed later. 

In the case of solar neutrinos, three measurements may soon be able to discriminate between 



"'^More data are on their way from the Palo Verde experiment p2 



the proposed SMA, LMA and VO solutions 0]. Super-Kamiokande reports a distortion of the 
recoil e energy spectrum [^, in good agreement with that expected in the VO solution. The 
SMA solution generally predicts a smaller distortion (and the LMA solution an even smaller 
distortion). However, this difficulty may be overcome if the high-energy hep neutrino production 
cross-section, which is difficult to calculate reliably, is (much) larger than the value assumed 
in Standard Solar Model calculations [^. Both the SMA and LMA solutions tend to predict 
some day-night difference, but not the VO solution. The present Super-Kamiokande data 
constrain the possible magnitude of this day-night effect, thereby constraining the SMA and 
LMA parameter regions. If any day-night effect were to be seen, its dependence on the solar 
nadir angle could in principle discriminate further between different parameter choices |]64 |. 
Some seasonal variation is predicted in all models, because of the trivial geometric effect due 
to the eccentricity of the Earth's orbit. However, a larger seasonal variation is predicted in VO 
solutions, and this might be further enhanced at high energies. 

Oscillation experiments can determine differences in neutrino masses squared, but not the 
absolute values of their masses. Astrophysical and cosmological data already exclude mi, ^ 
3 eV 1^, and future data may be sensitive to rrii, ^ 0.3 eV [^] 0. Below this range, neutrinos 
would not constitute a significant fraction of the astrophysical dark matter, though masses 
in the range ^ 0.03 eV favoured by atmospheric-neutrino data would have some cosmological 
implications |6^ . 



Are there any experimental or theoretical reasons why the three flavours of neutrinos should 
not all be almost degenerate with m ^ 2 eV ? There is a strong constraint from the absence of 
neutrinoless double-/? decay [|6^] : 



< nil, >— rn x 



2 'i ~'~ 2 ""i ~^ .'-i 



2i4>" 



< 0.2 eV 



Here z/„ 



jy^ 



oscillations suggest that the last term in 



may be neglected, in which case 



the first two terms would need to cancel at the 90 % level. Thus 



+ TT and 



cos 2^2 ^0.1 



(19) 



implying that sin^2^2 ~ 0.99. This certainly excludes the SMA solution, and very likely LMA 
solutions, but not VO solutions. However, in the latter case, the neutrino mass degeneracy 
would need to be accurate to one part in 10^° ! The neutrino-mass degeneracy would be broken 
by non- universal loop corrections: we find |7D] that these are much larger than would be allowed 
in the VO solution, that in the MSSM they have the wrong sign for the LMA solution, and that 
in one favoured neutrino-mass texture they produce unacceptable patterns of mixing angles. 
We conclude that degenerate neutrinos are distinctly problematic ||7T |. 



Some cute neutrino calculations were reported here. One was of the related processes 
uu -^ 777, 77 — > 777 and 77 — > z/z/7 ||72|. These turn out to have cross-sections 9 to 13 
orders of magnitude larger than the corresponding 2—>- 2 processes uu -^ 77, 7Z/ — > 'yu and 
77 — > z/z/! A full Standard Model calculation agrees with an effective Lagrangian result at 



^Negative results of searches, using the CERN beam, for oscihations involving neutrinos with masses of 
interest to cosmology were also reported here |p^, pS . 
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low energies E -C me- One of the consequences is that the neutrino mean free path in a 
supernova becomes smaller than the core radius, with potentially important consequences for 
supernova simulation codes, that are now being revised to incorporate these effects. The effects 
of multibody neutrino exchange in neutron stars was also discussed |]73| . A first estimate had 
overestimated its importance by 63 orders of magnitude! The new calculations indicate that a 
neutrino condensate forms in a neutron star, changing its mass by about 30 kg out of 10^'' kg. 
By comparison, two-body neutrino effects change the mass by about 10^^ kg. 



4 Supersymmetry and Further Beyond 

The phenomenological motivation for supersymmetry is very simple, namely to stabilize the 
gauge hierarchy. The theory of supersymmetry is not too complicated either, since all the 
sparticle couplings are related to the gauge and Yukawa couplings of the Standard Model. 
However, more complications arise when one considers the soft supersymmetry breaking needed 
to elevate sparticle masses. These are usually parametrized as 

{ml)i <P' 0, , MaVaVa , A^^'^^A^^^^ </>i <^fc , B'^ fi'^ (/), ^j (20) 

which are usually quoted as leading to 105 free parameters in the MSSM. These are often 
simplified by imposing universality at some input GUT or string scale: 

Ma = mi/2 , (mDl = ml S{ , A'^'^ = A, B'^ = B (21) 

before renormalization. Universality for the gaugino masses Ma may be more plausible than 
that for the scalar masses, which is particularly questionable for Higgs scalar masses. 

However, one should also bear in mind the possible appearance of other supersymmetry- 
breaking parameters ||7^ corresponding to interactions of the form 



(f)' (j)j (f)k , (fii (fij (22) 

which should be considered equally soft if they do not generate quadratic quantum divergences. 
Important questions to understand include whether string/M theory can generate terms like 
(p2D , and what might be their implications for phenomenology, particularly in the t,b and 
Higgs sectors. When considering the phenomenology of the MSSM, it is important to include 
the constraint of correct electroweak symmetry breaking (as characterized by m,z and tan/3) 
after renormalization, and also to check that there is no lower-energy charge- and/or colour- 
breaking vacuum. These issues, together with the implementation of experimental constraints 
on m,h,m,A and sparticle masses, are discussed in more detail later. 

The phenomenological signatures of supersymmetry to be sought by experiments vary in 
different theoretical scenarios. One basic issue is whether R parity is conserved or not. In 
the latter case, one should look for sparticle decays into quarks and/or leptons, providing the 
opportunity of looking for bumps in the invariant masses of leptons and/or jets |]73[. On the 
other hand, if R parity is conserved, the lightest supersymmetric particle (LSP) is stable, and 
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hence expected to be present in the Universe as a rehc from the Big Bang. Upper hniits on the 
relative abundances of anomalous heavy isotopes of many elements conflict with calculations 
of the relic abundance, suggesting that any such relic cannot bind to conventional matter, and 
hence should not have electric charge or strong interactions [|76| . Thus the LSP is expected to be 
a neutral weakly-interacting particle such as the lightest neutralino x- This leads to the "classic" 
missing-energy signature of supersymmetry. On the other hand, if the lightest neutralino is not 
the LSP, one expects x decays to provide characteristic signatures, e.g., x ~^ iG if the gravitino 
G is the LSP. This is the generic prediction of models in which supersymmetry breaking is 
communicated to the observable sector by a messenger gauge-interaction sector ||77|. 



Such gauge-mediated models have recently attracted interest for two reasons. One is 
theoretical: they provide a natural explanation why supersymmetry-breaking scalar masses 
should be generation-independent |T^. The second is experimental: they might explain the 



pp —>■ e^e 77-^y + -^ event seen by CDF |J7^. However, popular supersymmetric interpreta- 



tions of this event have now been almost excluded by searches at LEP as well as the Tevatron 



itself ||79|, |8^. Indeed, since the lightest neutralino is directly detectable in gauge-mediated 
and i?-breaking models, unlike the standard i?-conserving model with a neutralino LSP, the 
experimental constraints on MSSM parameter space are generally stronger in these alternative 
scenarios. In the following, we concentrate on the "conservative" /^-conserving neutralino LSP 
scenario. 

Important constraints on the MSSM parameter space are provided not only by direct 
searches for unstable sparticles such as sleptons and charginos, but also by unsuccessful searches 
for the Higgs bosons of the MSSM. These are sensitive to other sparticle masses via loop cor- 
rections, so lower limits on Higgs masses may be interpreted as lower limits on the universal 
soft supersymmetry-breaking masses, particularly if the input Higgs scalar masses are also uni- 
versal. Requiring the relic x density to be in the range allowed by astrophysics and cosmology: 
0.1 < VL^K^ < 0.3 (where Vt^ = Px/pc with pc the critical density and h the Hubble constant 
in units of 100 km s~^ Mpc~^) further constrains the MSSM parameter space. In a combined 



analysis a couple of years ago l^ll, it was found that rriy > 40 GeV, to be compared with a 



lower limit of 20 GeV from LEP searches for charginos and neutralinos alone. 

One might begin to wonder whether the constraints on the parameter space of the MSSM 
are still compatible with the phenomenological motivation of avoiding the need to fine-tune 
parameters in order to maintain the gauge hierarchy. A first attempt to capture the idea of 



fine tuning was the "price" [82 



max A, : A^ = — ^ (23) 

« am a,- 



where the Oj are input MSSM parameters. The LEP data impose the price A > 13 [£3|. Is 
this a lot or a little? There is no objective reply, and the price may be reduced significantly by 
postulating some theoretical correlations between the MSSM parameters. Alternatively, it was 
proposed here [Q that one evaluate the percentage of the a priori MSSM parameter space that 
is still permitted by the experimental constraints. By one estimate, the residual conditional 



probability P (LEP|susy)~ 5 %. However, what one really wants to know [Q is the opposite 
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conditional probability 



P(susy|LEP) 



P(susy) X 5% 



(24) 



1 - 95% X P(susy) 

which depends on the a ]:>norz probability assignment P(susy). Clearly the estimate P(LEP|susy) 
~ 5 % depends on the choice of measure in the MSSM parameter space made in specifying 
(susy). If you are totally convinced by the original choice made: P(susy) = 1, then (^If ) tells 
you that you still believe it: P(susy|LEP) = 1! On the other hand, if you disbelieved it a priori: 
P(susy) = 0, then ( p4D tells you that you still disbelieve it! It seems to me that one needs some 
external rationale to determine the measure in MSSM parameter space and the corresponding 
P(susy). Fine tuning in the sense ( ]23|) is one proposal, but there may be better ones. 



The new LEP constraints on MSSM particle masses were reviewed here ||8^. Among the 
most important ones is 

(25) 



m^± > 95 to 90 GeV 



except in the deep Higgsino region. Combining with other searches, including associated neu- 
tralino production e+e~ — > xx\ o^is now finds 



m^ > 32 GeV 



(26) 



for all rriQ and tan/3. If t -^ ex decays dominate and m^ — m^ < 10 GeV, one has 



rui > 87 GeV 



(27) 



In addition 



m, > 88 GeV 



(2^ 



for m^ — m^ > 5 GeV, with somewhat weaker limits for m^ and m^ . In addition to sparticle 
limits, very important constraints on the MSSM parameter space come from the Higgs limit \W\: 
the best limit from an individual LEP experiment is 



niH > 95.2 GeV 



(29) 



and the joint sensitivity is to nin ~ 98 GeV. A few candidate events have been reported |T0| , 
but there is no significant signal yet. 

One may analyze the constraints these limits impose jointly in the space of MSSM parame- 
ters. I should like to underline the importance of including radiative corrections to the relations 
between these parameters and physical sparticle masses [^. These are included routinely for 
Higgs masses, but not for chargino and neutralino masses, whereas these are also significant. 
In particular, the change in sensitivity in the [fi, M2) plane when these radiative corrections 
are included is comparable to the change in physics reach between one year's run of LEP and 
the next, as the beam in energy is increased, so these should not be neglected in a complete 
analysis of LEP data [^ . 



Fig. 4 shows the impacts of various LEP constraints in the (mi/2,"^o) plane [^, including 
also the requirement that the electroweak vacuum be stable against transitions to vacua that 
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Figure 4: Experimental, theoretical and cosmological constraints in the {mi/2,fno) plane, for 
tanj3 = 3,/i < 0, indicating the physics reach of LEP for e, x^ o-nd Higgs searches WV - The 
light shaded region is that where 0.1 < fi^^/i^ < 0.3 after including coannihilation effects ^8^] , 
and the region plagued by charge and colour-breaking (CCB) minima is also delineated. Panel 
(a) is extended in panel (b) to larger values ofmi/2, showing how the upper limit m^ < 600 GeV 
may be reached. 



violate charge and/or colour conservation (CCB) |88|. These are weakest for A ~ — mi/2 as 
plotted in Fig. 4, but even so they indicate a preference for 

110 GeV < mi/2 < 400 GeV, 80 GeV < mo < 170 GeV (30) 



when combined with the cosmological relic density limit. However, it is not clear whether 
vacuum stability is an absolute necessity. It might be sufficient if the early Universe evolved 

years. 



into our vacuum, and if this is metastable with a lifetime ^ 10^° 



The cosmological domains in Fig. 4 include the effects of coannihilation between the neu- 
tralino LSP and the next-to-lightest supersymmetric particle (NLSP), which can be important 
if their mass difference Am ^ (9(?ti^/10) |89]. In the region of Fig. 4, the NLSP is the f/j, and 
coannihilations with the JIr and cr are also significant, particularly because the XX annihila- 
tions are suppressed in the non-relativistic limit. The coannihilations suppress the relic density 
for large mi/2, so that the LSP may be substantially heavier than was previously thought. 



Combining all the new LEP constraints |87], we may estimate that 



and 



m;,>50GeV, tan /3 > 1.8 



m^ < 600 GeV 



(31) 
(32) 



when coannihilations are taken into account. 

The lower limit ( PTf ) is tantalizingly close to the report from the DAMA collaboration 
in which they fail to exclude the presence of an annual modulation of a recoil signal, which 
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could correspond to m^ ~ 60 GeV with large errors. Not only is the indicated mass compatible 
with the experimental limit (pT]), but also the corresponding cross section is compatible with 
some theoretical models, particularly if the MSSM Higgs is light PTl. However, care should 



be exercised in interpreting the possible annual modulation: we shall need to see data over 
a complete annual cycle and be reassured that any modulation could not be due to some 
non-fundamental seasonal effect. 

There was considerable discussion here of possible phenomenological signatures of large extra 
space dimensions [^. In "classical" perturbative string theory, the gauge and gravitational 
interactions are unified at an energy E = iris where they become equal: 



E^ 



rrip 



(33) 



corresponding to a string scale rris = 0{y/a)mp ~ 10^^ GeV, at which six extra dimensions 
appear. This is modified in "post-classical" M theory, where one can enforce m^ ~ mcuT — 
10^^ GeV as indicated by LEP, by postulating an extra dimension with characteristic size 
R ^ rn'^j. ||9^ . Above this scale, the Newton potential is modified: 



E^ 



ni. 



E^ 1 



•TO "J 



m 



(34) 



whereas the gauge interactions do not feel the extra dimension. The resulting picture of space 
time resembles a pair of capacitor plates. There are two infinitely large four- dimensional plates 
separated by a distance R ^ f^auT^ ^^^ each "point" in this picture can in fact be resolved 
into six compactified dimensions at energies E ^ mcuT- 



In the new "deconstructionist" approach [0, |^ , one asks the natural and important ques- 
tion: how large could the extra dimension(s) be? In particular, could the scale of gravity be as 
low as 1 TeV, in which case the hierarchy problem is entirely reformulated. If n extra dimen- 
sions appear at a scale R so that the Newton potential oc i//-^"*"" at shorter distances, one 
has 



Uli 



m 



R" 



(35) 

and if rris ~ 1 TeV by construction, R ~ 10^'^ m (1 mm) (10 fm) for n = 1(2) (6). The 
Newton 1/r law has been checked down to r ^ 1 cm, so one needs ra ^ 2 in (|35|): near- future 
experiments may be able to probe down to r ~ lOfim. Some of the most important constraints 
on such theories come from astrophysics and cosmology [Q, including graviton emission from 
supernovae, the cosmic microwave background. Big Bang nucleosynthesis and inflation, which 
appear to indicate that m^ may need to be considerably larger than 1 TeV. 

There has been some discussion whether gauge interactions might also "feel" (some of) 
the bulk dimensions appearing at distances ^ R p^. This is not the case in "canonical" 



string or M theory, and is actually impossible in the standard formulation of five-dimensional 
supergravity |]98|. It may be possible to mimic the very successful GUT prediction for sin^ 9w 



in such a scenario |^, but I need reassurance how naturally and precisely this may work. 
Among the signatures for such higher- dimensional theories discussed here [^| are missing- 
energy events: e~^e~ — > 7 -|- (gravitons), gg ^ g + (gravitons), and angular distortions in 
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e+e" — i> fi'^fi~ due to higher- dimensional graviton exchange. The latter has been used to show 
that rris ^ 0.6 TeV for n = 2 on the basis of LEP data |9^. Among the many issues being 
studied in such models are flavour- changing processes, baryon stability and neutrino masses. 

An interesting theoretical question for such models is whether supersymmetry is still nec- 
essary. Not for solving the hierarchy problem in the traditional way, but string theory still 
(apparently) requires supersymmetry for its consistency, so it should still appear around ms(~ 
1 TeV?). The traditional hierarchy problem is now repackaged as the question why R is so 
large. Since the fixing of the compactification radius and related moduli are not understood in 
conventional string theory, though, do we have any good reason to think that R could not be 
large? 



5 Future Projects 

There were many discussions here of the future prospects in electroweak projects, of which 
I give here a few highlights. Over the next two years, 1999 and 2000, LEP should finally 
reach its design energy of 200 GeV in the centre of mass, perhaps even a bit more. Clearly 
this provides further opportunities to search for supersymmetric particles, etc., but the most 
exciting prospects may be those for the Higgs boson search. We see in Fig. 1 that the highest 
probability density for its mass is the range just at the present direct search limit, and within 
the reach tuh ^110 GeV of LEP 200+e. This is, moreover, the most likely range in the 



MSSM jlOOl. 



If LEP does not find the Higgs, it may be found at the Fermilab Tevatron collider during 
one of its future runs, starting in 2000. The Tevatron collider may also be able to find, or at 



least exclude, MSSM Higgs bosons over a considerable range of parameter space |101|. The 



reach in the space of MSSM soft supersymmetry breaking parameters will also be extended at 



the Tevatron collider ||102||. Overall, there is significant chance that the Tevatron collider will 



be able to steal some of the LHC's supersymmetric thunder. 

Turning now to neutrino physics, there is an extensive programme of work for long-baseline 
experiments [p.03||. Accelerators produce intense beams with controlled energy spectra, fluxes 



and flavours of neutrinos, that can be monitored and adjusted. These may be needed to convince 
sceptics of the reality of neutrino oscillations, and in order to make precision measurements. 
Among the key measurements to make are those of z/^ disappearance and the neutral- to 
charged-current ratio, involving the comparison of rates in near and far detectors, as planned 
for the K2K |104| and MINOS |105| experiments. Another key measurement is that of z/g 



appearance, which is not expected to be the dominant mode of oscillation, but might be present 
below the 10 % level. 

In my view, the key experiment to pin down the interpretation of the atmospheric neutrino 
data will be the search for r appearance subsequent to z/^ —>■ Uj. oscillations. This is the 
favoured interpretation of the current data, but on the basis of indirect arguments. I believe 
there is no substitute for direct observation of r production in a long-baseline experiment. 
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The interpretation would be unambiguous, since the accelerator and other backgrounds are 
negligible. Only in this way could alternative interpretations such as z/^ oscillations into sterile 
neutrinos be definitively rejected. Remember Jimmy Hoffa, and the basic legal principle "if you 
have not seen the body, you have not proven there was a murder" . Remember also the gluon: 
there were many indirect and theoretical arguments that it should exist, and that it should 
have unit spin, but everybody remembers the direct observation of gluon jets in the reaction 
e+e~ — i> qqg [ [106|| as the "discovery of the gluon" ||1071| . 



Three long-baseline neutrino oscillation projects have been approved so far [ p.03|| . Two are 
in Japan: KamLAND, which sets out to detect Ug from power reactors and should be able to 
confirm or refute the LMA solution to the solar neutrino problem, and K2K, which is a i/^ 
disappearance experiment using a KEK beam that can probe aboout a half of the region in 
(sin^ 29, Am^) favoured by Super-Kamiokande. KamLAND should start taking data in 2001, 
and K2K has already started. The only approved project with a beam energy high enough to 
detect Ut via r production is NuMI. The MINOS detector (to start data-taking in 2002, with 
the detector to be completed in 2003) should be able to cover all the Super-Kamiokande region 
with a u^ disappearance measurement, but has a hmited ability to detect r leptons. A proposal 
has now been made to add to MINOS a r detection module based on emulsion tracking, which 
could be completed in 2004. 

In Europe, CERN and the Gran Sasso laboratory are proposing a slightly higher energy 



beam optimized for r production, that could be ready in 2005 ||108|| . It would make optimized 
use of the CERN infrastructure, including one of the lines transferring protons to the LHC, 
and benefit from the fact that the Gran Sasso experimental halls were, from the beginning, 
oriented so as to profit maximally from a CERN neutrino beam. Experimental concepts now 
being developed ||109|| should be able comfortably to detect r leptons over all the parameter 



range allowed by Super-Kamiokande, as seen in Fig. 3. 

The LHC physics programme was not much discussed at this meeting. Paramount is the 
search for the "holy Higgs" . This has been well studied in the Standard Model, and extensive 
studies have been made in the MSSM ||110|| , but the latter has not been completely explored. 



LEP studies have revealed the possibility of a reduction in the h ^ bb decay mode that usually 
dominates. The possibilities of interference effects in a{gg — > h) and r{h ^ 77) merit further 
work, and this is one area where more dialogue between theorists and experimentalists preparing 
LHC detectors would be useful. Moriond could play a useful role in this regard, particularly 
in encouraging and motivating the young people who will do most of the work. The success of 
the LHC will require a big, coherent effort from all sectors of the community. 

Also important at the LHC will be the search for supersymmetric particles. Here the 
production cross sections are well understood, and potentially complicated decay chains such 
as g -^ bb, b ^ X2&5 X2 -^ X^^^~ have been explored. The LHC will be able to explore rrigq ^ 2 



TeV and m^ < 400 GeV, and could make some detailed studies of sparticle spectroscopy ||111 
It used to be thought that the entire region of MSSM parameter space favoured by cosmology 
could be covered comfortably by the LHC, several times over ||112||. However, the coannihilation 



effects [£^, ^ mentioned earlier stretch the cosmologically favoured region up to larger r7ii/2 
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as seen in Fig. 4, close to the LHC reach, so this issue needs to be reviewed. 

Beyond the LHC, the physics programme for a hnear e~^e~ coUider is currently being exten- 



sively studied, particularly the relative advantage of high luminosities, e.g., with TESLA ||113 |. 
One example is the study of Standard Model Higgs decays: if the Higgs boson has a mass in 
the range favoured by precision electroweak measurements, its bb,cc,gg and t^t^ branching 
ratios could be measured accurately. However, the total Higgs decay width could not be mea- 
sured without implementing the 77 collider option, which is not currently part of the TESLA 
baseline. 

I close by mentioning the most futuristic project idea discussed here: muon storage rings. 
These could be developed in a three-step scenario ||1 14|| , starting with a neutrino factory [[115| 
using the known fluxes, flavours, charges and spectra from muon decay - the "ultimate weapon" 
for z/ oscillation studies ||116|| , continuing with one or more fi~^fi~ colllider Higgs factories suit- 
able for measuring the total decay width(s), reducing the allowed phase space of the MSSM 
and perhaps providing a new window on CP violation - the "ultimate weapon" for Higgs stud- 
ies |p.l7||, and a high-energy fi~^fj^~ collider, whose maximum energy is currently limited by the 



potential neutrino-induced radiation hazard [114 



Very many basic technical issues need to be resolved before the feasibility of such storage 
rings and colliders can be judged, but their physics is very enticing. In the presence of three 
different masses, neutrinos would have three real mixing angles and three phases (though two 
of the latter cannot be measured at energies E ^ m^). Thus there is a programme of work as 
rich as that for the B factories now coming on line ||116|| . As discussed here ||116|| and reflected 
in Fig. 5, the following are the sensitivities of appearance and disappearance experiments as 
functions of the beam length and energy: 

Ami ■■ E-"\ L-^I'E^I^ 



sin^ e, 



u 



LE-^I- 



JXI2 ^-3/4 



(36) 



These dependences imply that very-long-baseline experiments (L ^ 3000 km) are not necessarily 
the best. As shown here, long-baseline experiments have very interesting physics reaches for 
oscillation parameters in a three-generation analysis. In addition, there is a chance of observing 
CP- violating effects, particularly with a very long baseline | |116| | . 



A first Higgs factory with Ecm ~ 110 GeV could measure the mass of the Higgs with a 
precision of 0.1 MeV [|114| , |117|| . In the MSSM, a second Higgs factory with Ecm ~ fnu.A 
could measure their masses with a precision of 10 MeV and their (relatively large) widths with 
a precision of 50 MeV. The twin peaks may also offer prospects for observing CP-violating 
observables. Such \i^ ii~ colliders offer precision tests of the MSSM ||1 14| , |117 . 



Finally, the Table summarizes some of the comparative physics strengths of the LHC and 
high-energy e^e~ and [i^ [i~ colliders ||1 14|] . Each has unique advantages (e.g., flavour non- 
universality and energy resolution in the case of a ^'^ [i~ collider), and a key role to play in the 
future elucidation of electroweak physics. The LHC is already on the way, and we hope that a 
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Figure 5: The sensitivities of long-baseline neutrino experiments using beams from a muon 
storage ring used as a neutrino factory j\l 1 6|/ .' (a) to search for mixing between the first- and 
third- generation neutrinos via appearance (left lines) and disappearance (right lines) for 623 = 
45" (solid lines) and 30° (dashed lines), assuming a baseline of 732 km, and (b) to search for 
mixing between the second- and third- generation neutrinos via appearance (dashed lines) and 
disappearance (solid lines), assuming the indicated beam lengths. The boxes represent current 
indications and limits. 

first-generation e~^e~ linear collider can follow it. In the mean time, let us work to make fi'^n~ 
colliders realistic options for the more distant future. 
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